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SUMMARY 
Due to the non-availability of adequate size standard rolled sec-
tions it frequently becomes necessary in practice to use built up sec-
tions* When such is the case, box sections^ by virtue of their high 
torsional stiffness and bending stiffness in the lateral direction, 
provide a section which requires less bracing than the conventional I 
shape* Bracing requirements for box beams subject to plastic moment 
have not been established. The purpose of this investigation -was to 
experimentally establish the critical length, as governed by lateral 
stability, of a given box section subject to plastic moment throughout 
its lengtho 
A design chart was established for determining the most economical 
box section for use in plastically designed structures. The chart per-
mits the selection of box sections on a basis of depth, plastic moment, 
area, or depth to width ratio» The chart was developed under the 
assumption that the material to be used was normal A-7 structural steel, 
The ratios of width to thickness of the components of the section were 
limiting values chosen to rule out local buckling in the plastic range, 
Various lengths of the same cross section were tested by applying 
equal end moments to the specimens. No lateral buckling was observed, 
In all the tests, local buckling occurred in the plastic range prior to 
the onset of strain hardening, 
Compression tests performed on short box sections verified the 
inadequacy of the previously established ratios of width to thickness 
X 
used to rule out the possibility of local buckling in the plastic range 
prior to the onset of strain hardening. The material used in fabricating 
the compression test specimens was the same material which was used in 
fabricating the beams. The premature local buckling encountered in this 
study was due to the low strain hardening modulus of the material. The 
results of coupon tension tests of the material used revealed a strain 
hardening modulus much lower than the average strain hardening modulus 
for A~7 structural steel0 
Theoretical calculations are presented which reveal the intimate 
relationship between local buckling and the strain hardening modulus* 
Calculations of the width to thickness ratios required for the material 




One of the prime factors in plastic design is the adequate rota-
tion of the plastic hinge. As a continuous mild steel structure is 
proportionally loaded some of the cross sections reach a specified 
moment and become plastifiedo Due to the ductile nature of mild struc-
tural steel these cross sections then rotate freely while maintaining 
a constant moment, a phenomenon called a "plastic hinge." The moment 
maintained by the plastic hinge, called the "plastic moment" of the 
cross section, is a function of the yield characteristics and geometry 
of the cross sectiono Further increase in load causes other cross 
sections subject to high moment to form plastic hinges while the 
original hinges undergo rotation, a process called "redistribution of 
momentso" Redistribution of moments can occur only if the original 
hinges rotate without an appreciable increase in moment* When a 
sufficient number of hinges are formed to create a mechanism the struc-
ture collapseso Design of the structure is then based on the collapse 
load divided by an appropriate load factor0 
If the cross sections in the areas of plastic hinge are weak in 
torsion and bending normal to the plane of loading, the section may 
buckle out of the plane of loading«, If this lateral buckling occurs 
before adequate redistribution of moments is obtained, the predicted 
collapse load of the structure is not realized,. In order to prevent 
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this type of premature failure the section must have adequate torsional 
strength and resistance to lateral bending. If the section is weak with 
respect to these characteristics it must be braced to insure rotation 
adequate for redistribution of moments. 
The objective of the investigation was to experimentally establish 
the critical length, as governed by lateral stability, of a given box 
section subject to full plastic moment throughout its length. Adequate 
rotation to permit redistribution in most structures was assumed to be 
four times the rotation corresponding to initial yield in the flanges„ 
The experimental procedure was intended to provide a reasonable 
means of determining bracing requirements in areas of plastic hinge. 
The test is severe in that it requires the section to perform satis-
factorily when the entire length is plastifijed* In most practical 
cases the area of plastic hinge is localized at a point of concentrated 
load, 
A study was performed to find the most economical proportions of 
a box section to be used in plastically designed structures* The method 
used and the results of this study are presented in Appendix A. The 
limiting ratios of width to thickness used for proportioning the elements 
of the cross section were taken from tentative specifications for plastic 
design* These specifications are a result of experimental investigations 
on angles and wide flange beams performed at Lehigh University (1, 2). 
This investigation was limited to one size box section with un-
stiffened webs and no internal bracing. 
Numbers in parenthesis indicate references listed in the "Litera-
ture Cited" section of the bibliography, 
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CHAPTER II 
DESCRIPTION OF TESTS 
All test specimens were loaded in a RIEHLE Model PS-L£0, screw 
powered̂ , constant strain testing machine with a capacity of 1̂ 0 kips, 
Except where noted the strain rate was 0.025 inches per minute free 
head travel, 
Beam Tests 
Test Arrangement,--The general test arrangement is shown in Figs, 1 
and 2, The loading beams were hung from the compression head of the 
testing machine by four 7/8 inch round bars and four l/2 inch strap 
plates. A space of approximately l/k inch was left between the com-
pression head and the loading beams to provide for differences in the 
initial camber of the beams» This space was filled with Leadite, a 
commercial compound used for capping concrete test cylinders. After 
the Leadite had hardened, the 7/8 inch round bars were tightened until 
the deflection of the strap plates was noticeable„ 
Each loading block consisted of a 10 inch length of 8WF67 beam 
with stiffeners, A surveying instrument was used to level the bottom 
faces of the loading blocks. Steel shims were used to insure bearing 
contact between the loading beams and the bearing blocks. 
Each end block consisted of two pieces of 8WF17 beam welded to 
a lug plate. Vertical cross bracing of l/2 inch round bar was welded 
between the beams at the bearing roller and midway from the bearing 
roller to the load roller. The distance between the bearing roller 
h 
and the load roller was kept constant for all the tests. This was done 
to keep the relationship between load and moment constant for all the 
test specimens. 
The bearing blocks were each composed of two Tee sections cross 
braced with ~l/h inch round bars. The webs of the Tee sections were 
fastened to the bearing angles by means of high tensile bolts. This 
was done in such a manner as to cause the load to be transferred by 
friction between the Tee section web and the bearing angles. The bear-
ing angles were tightly clamped to the spreader beams« 
The spreader beams were cross braced vertically and horizontally 
at their ends and at the center, the cross bracing consisting of l/2 
inch round bars welded to the spreader beams. 
The length of the specimens is given in Table 1. The cross section 
of the specimen is shown in Fig. 3« 
Assembly of test specimens,--A core composed of aluminum and steel plates 
with a wood spacer board was used to maintain the desired distance be-
tween the webs of the test specimen* To provide for adjustment, the 
depth of the core was made approximately 1/2 inch less than the depth 
of the web plates. The web plates were clamped to the core and squared5 
the flange plates were then clamped to the web plates and centered. A 
continuous l/8 inch fillet weld was placed at each exterior flange-web 
junction. After the specimen had cooled the core was removed and the 
specimen was butt welded to the face plates (the butt weld was continuous 
around the periphery of the section). The specimen was then placed in 
the loading apparatus. After each test the specimen was cut from the 
$ 
face plates with an oxyacetylene torch. The face plates were then ground 
smooth and the process repeated for the next test, 
Material.--The material used for the test specimens was taken from three 
hot rolled 11 gage steel sheets, IS inches wide and lUU inches long. Cou-
pons were cut in a lengthwise direction at .3 inch intervals across the 
width of the sheets. A number of coupons were tested from sheet number 
2c This was done to establish the variation in physical properties 
across the sheet. The material used for the test specimens was cut 
lengthwise from the center portion of the sheet. Coupons tested from 
the center portions of sheets 1 and k gave the same results as those 
taken from the corresponding portion of sheet 2. The material used from 
sheets 1 and h was also cut from the center portion of the sheets, 
Instrumentation. —A schematic drawing of the instrumentation used for 
the beam tests is shown in Fig, U. The drawing is typical for all the 
beam tests with the exception of test B-l. The only instrumentation 
used for test B-l is that shown at the centerline in Fig. U. 
The twist of the specimen was measured by the level indicator 
and twist bars shown in Fig. £„ The twist bars were attached to the 
top flange of the specimen by clamps. The double points of the level 
indicator were placed in the groove of the twist bar and the micrometer 
was adjusted until a level condition was indicated. The level indicator 
was then lifted from the twist bar and the micrometer reading taken. A 
general view of the centerline instrumentation is shown in Fig. 6. 
Rotation was measured at the centerline as shown in Fig. i|. The 
slope bars clamped to the end blocks furnished a check on the rotation 
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measured at the centerline. The slope bars and the twist bars were 
identical* The level indicator was used as described previously to 
obtain readings from the slope bars. 
A deflection truss hung from the bearing rollers served to refer 
the vertical deflection readings to the bearing rollers. 
Horizontal deflection readings were taken at the centerline and 
at the face plates. The center horizontal reading was taken with the 
plunger of the micrometer dial gage bearing on the center of the web 
of the specimen, Readings at the face plates were taken with the 
plunger of the micrometer dial gage bearing on the edge of the face 
plate. The micrometer dial gages were mounted on stands which were 
clamped to the spreader beams, 
Beam test procedure*—The same general procedure was used in all the 
beam tests* The apparatus was aligned and instrumentation placed on 
the specimen* The alignment was checked and bracing attached to hold 
the alignment. The bracing was removed and zero readings were taken 
at a load of 0,50 kips• 
Test B-l was loaded in 1 kip increments from the zero load to 
the expected flange yield load. Instrument readings were then taken 
at intervals governed by the amount of vertical deflection which had 
occurred* Tests B-2, B-3 and B-U were loaded in 2 to 3 kip incre-
ments from zero to the flange yield load* Instrument readings were 
then taken at intervals governed by the amount of centerline twist 
and horizontal deflection which had occurred., 
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Test B-l.—The purpose of this test was to establish an experimental 
rotation curve for comparison with the theoretical curve. The length 
of the section was chosen to rule out any possibility of lateral buckling, 
The maximum load was 17.93 kips. At this point failure occurred by local 
buckling of the overhanging portion of the flange and adjacent web approx-
imately 3-1/2 inches from the South face plate. General local buckling 
of a less pronounced nature was also observed in other areas of the 
flange overhang. 
Test B-2.—The length of this section was the maximum that could be ac-
comodated by the spreader beams. The maximum load was 18.0 kips. At 
17.Ii5> kips the centerline rotation dials were removed and the strain 
rate increased to 0.0£ inches per minute free head travel. At 18.0 kips 
the strain rate was increased to 2.2 inches per minute. Local buckling 
of the flange overhang and adjacent web occurred 2 inches South of the 
centerline• 
Test B-3»—The length chosen for this section was the maximum which could 
be accomodated by the loading beams. Longer spreader beams were obtained 
to replace those used in test B-2. Maximum load was 17.73 kips. At this 
load local buckling of the flange overhang and adjacent web was observed 
beneath the center twist bar. Twist readings of the center bar indicated 
that this local buckle began to form at a load of 17.25 kips. Local 
buckling of the specimen is shown in Fig. 7. 
Test B-U.—The length of the specimen was chosen such that the depth to 
span ratio was approximately equal the maximum allowable depth to span 
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ratio given by the A.I.S.C. specifications* Extensions were placed on 
the loading beam to accomodate the specimen. At a load of 16.0 kips the 
horizontal deflection at the centerline began to increase at a greater 
rate than previously. This increase in horizontal deflection was not 
accompanied by any drop in load. The maximum load was 18.275 kips at 
which time local buckling of the flange overhang and adjacent web 
occurred abruptly 2 inches from the North face plate. 
A general view of the test after failure may be seen in Fig. 8„ 
The local buckling which occurred is shown in Fig. 9. 
Compression Tests 
General,—Direct compression tests were performed on short box sections 
to check the local buckling characteristics of the material used for 
making the beams. The method of assembly for the box sections was the 
same as that given for the beams. The material was taken from the 
center portion of sheet 2. The ratio of width to thickness for the 
web plates was made slightly less than the maximum permitted by the 
specifications (l, 2). 
Instrument at ion.—Instrumentation and specimen dimensions are shown in 
Figs. 10 and 11. In addition to the instrumentation shown in these 
figures, a micrometer dial gage was mounted on the base of the testing 
machine to measure the movement of the compression head of the testing 
machine. 
Test C-1.—The load was applied in approximately 10 to l£ kip increments 
from zero to the expected yield load of 69 kips. At this point the load 
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was applied in 5 kip increments. Local buckling of the webs and adjacent 
flange overhangs occurred at a load of 75>.0 kips. The local buckling was 
confined to the area approximately 1-1/2 inches from the top of the 
specimen. 
Test C-2.—The specimen for this test was cut from the unbuckled portion 
of the specimen used in test C-l. The flange overhangs were cut from the 
specimen as shown in Fig. 11. The purpose of this test was to check the 
effect of the flange overhang on the critical strain of the webs. Local 
buckling of the webs occurred at a load of 6U.8 kips. The local buckling 





Rotation Curves*—Rotation curves for all the beam tests are shown in 
Figs. 12, 13, lli. and 1^. A summary of the results is given in Table 2. 
All the test specimens displayed the assumed minimum required rotation. 
The theoretical rotation at initial yield was used in computing the 
ratio of the rotation at failure to the rotation at initial yield. 
In all cases, the theoretical plastic moment agrees closely with 
the plastic moment observed in the tests. The departure of the test 
curves from the theoretical curve In the elastic range is due to local 
yielding of the flanges in the areas of residual strain caused by the 
welding. 
In Figs. 13 and 1)4 the apparent discrepancy between the last read-
ings of the rotation dials and the slope bars is due to the fact that 
the local buckle occurred within the gage length of the rotation dials. 
In all calculations the values of unit rotation used are those given by 
the rotation dials. 
Horizontal deflection curves.—In all cases, minus (-) deflection repre-
sents deflection toward the West. The centerline deflections are given 
with respect to the ends of the specimen. 
No horizontal deflection readings were taken in test B-l. The 
horizontal deflection curves for tests B-2 and B-3 are shown In Figs. 16 
11 
and 17« The curves for these tests give no indication of lateral buck-
ling, 
The specimen of test B-U contained a noticeable initial curvature 
in the North half of the specimen• The effect of this curvature is evi-
dent in the horizontal deflection curve shown in Fig. 18, It is seen 
that as the specimen reached its full plastic moment, the deflection in-
creased at a greater rate than in the elastic range. This behavior is 
associated with the loss in stiffness of the specimen upon plastifica-
tionc The observed deflection was in the same direction as the initial 
curvature„ No continued deflection was observed when loading was -stopped 
to take readings. In spite of the effects of the initial curvature, the 
specimen reached the required rotation prior to local buckling, 
Twist Curves,—The twist curves for all tests are shown in Figs, 19, 20, 
21 and 22, Looking from South to North along the longitudinal center-
line of the specimen, minus (-) twist is counterclockwise, 
The apparent erratic nature of the curve for test B-l is explained 
by the fact that only one twist bar was used,, Therefore, all movements 
of the loading apparatus due to errors in alignment and leveling were 
recorded by the twist bar. 
The twist curves for test B-2, B-3 and B-U shown in Figs, 20, 21 
and 22 show twist with respect to the ends of the specimen. The curves 
are not influenced by movements of the loading apparatus since twist bars 
1 and 5 in Fig. h9 were used as reference for bars 2, 3 and h. None of 
the above twist curves give any indication of lateral buckling, 
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Vertical deflection curves .—Figs, 23, 21;, 2$ and 26 show the vertical 
deflection curves for tests B-l, B-2, B-3 and B-U» The deflection curve 
for test B-l is given with respect to the end rollers. The curves shown 
for tests B-2, B-3 and B-U are given with respect to the ends of the 
specimen, 
As in the case of the rotation curves, the deviation between the 
theoretical and test curves in the elastic range is due to localized 
yielding caused by residual strains in the areas adjacent to the welds, 
Compression Tests 
Tests C-l and C-2o—-The results of these tests are given in Table 3. The 
ratios used to guard against local buckling were intended to insure the 
attainment of strain hardening of the material prior to local buckling, 
This was not true in these tests. The results indicate that the ratios 
were unsatisfactory for the material usedo 
Material Properties 
Coupons o-—The results of the coupon tension tests are shown in Tables \\ 
and $o A hydraulic testing machine with an electronic recorder was used 
to test the coupons in Table U* A screw powered machine with a mechanical 
extensometer accurate to 0,0001 inches was used to test the coupons in 
Table 5>« Due to the inaccuracy of the electronic recorder and the diffi-
culty in maintaining a zero strain rate on the hydraulic machine, the 
values given in Table £ are more accurate than those of Table Lw In all 
theoretical calculations the values used are an average of those given 
in Table $. 
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Chemical analysis.»— The resi i l ts of a chemical analysis performed on the 
material used in these t e s t s are shown in Table 6» The normal carbon 
content for mild s t ruc tu ra l s t e e l of the A-7 type i s i n the order of 





No accu ra t e theory wi th which t o check the t e s t r e s u l t s i s a v a i l -
a b l e . 
I n Fig* 27 i s shown a t y p i c a l s t r e s s - s t r a i n curve fo r mild s t r u c -
t u r a l s tee l© Through the y e a r s many i n v e s t i g a t o r s have e s t a b l i s h e d 
t h e o r i e s which a c c u r a t e l y de sc r ibe the behavior of the m a t e r i a l between 
p o i n t 0 and p o i n t A of the cu rve . P l a s t i c des ign , however, i s concerned 
wi th t h e p o r t i o n of the curve from p o i n t A to p o i n t B„ In t h i s reg ion 
t he m a t e r i a l has no apparent modulus of e l a s t i c i t y , though a c t u a l l y a 
modulus does e x i s t . Yielding of mild s t e e l t akes p lace i n smal l s l i p 
bands which begin t o occur a t p o i n t s of s t r e s s concen t r a t i on or weak 
a reas i n the c r y s t a l l i n e s t r u c t u r e of the ma te r i a l» After the f i r s t 
s l i p band has formed9 slip bands begin to form throughout the material. 
If i t were possible to measure the strain across these slip bands, i t 
would be found that the strain "jumps" from point A to point C of the 
stress-strain curve as the slip occurs* This slipping i s actually a 
rearrangement of the crystalline structure of the material. During the 
very short period of time required for this rearrangement the material 
may be thought of as having a modulus of zero,, If a slip band occurs 
between two points from which strain readings are being taken, an 
elongation with no increase in load is noted,. This behavior causes 
the flat portion of the curve between A and B. After the material has 
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generally undergone rearrangement of the crystals, the modulus becomes 
the strain hardening modulus, 
The effective modulus of the material in the plastic range must 
be a function of the amount of apparent strain which has taken place and 
must always lie between the elastic modulus and the strain hardening 
modulus• 
In a series of column tests performed on angles at Lehigh Uni-
versity by Thurlimann and Haaijer (3) the following behavior was ob-
served: In the elastic range the average strain measured over the length 
of the member was equal to the strain measured at mid-length of the 
member „ When the yield point of the material was reached the yielding 
was observed to take place at the ends of the specimen* The overall 
strain of the specimen increased while the strain at the mid-length 
of the member remained constant* 
In their report, Thurlimann and Haaijer propose an approximate 
theory which in essence says that if buckling occurs, it must occur in 
the plastified regions at the ends of the column« The following assump-
tions are made in the theory: 
1* The two end zones are yielded all the way to the strain 
hardening range* The middle zone is still elastic. 
2„ If buckling takes place, only the end zones will deform and 
the middle zone can be considered as rigid, 
3e The yielded zones become anistropic such that the effective 
moduli become Est in the direction parallel to the loading, E in the 
direction perpendicular to the loading and the shearing modulus become 
^st/E G„ (3) 
16 
Thurlimann and Haa i je r p r e s e n t t h e fol lowing formula for t he o u t -
s tanding l e g of an ang le ; 
Gcr = (T7 = 
r> 0 
TT Es t f V \ F / a \ 
12(1 - -V2) 
2 
^17 + o . ^ ( i ) 
This i s a modified form of the equa t ion f o r the same case as given 
by Timoshenko (U)• Thurlimann and Haa i je r propose so lv ing the above equa-
t i o n f o r c e , the f a c t o r de f in ing the y i e lded zones , and s u b s t i t u t i n g i t s 
value i n t h e fol lowing equa t ion to ob ta in t h e c r i t i c a l s t r a i n : 
q = (1 ~ 2cc) e + 2cc€st (2) 
I n t he case of t e s t s C-l and C-2, one unloaded edge of the f lange 
overhang i s f r ee and t h e o the r unloaded edge i s r e s t r a i n e d . The t r u e 
va lue of the c r i t i c a l s t r a i n must t h e r e f o r e l i e between t h a t given by 
Equation ( l ) and t h e va lue given by the equa t ion for f u l l f i x i t y of the 
r e s t r a i n e d e d g e . An approximate equat ion fo r the case of f u l l f i x i t y 
of the r e s t r a i n e d edge i s obta ined by mu l t i p ly ing t h e r i g h t s i de of 
Equation ( l ) by t h e r a t i o of the "k" f a c t o r s for the s imply supported 
edge and the f ixed edge c o n d i t i o n s . Equation ( l ) then assumes the 
fol lowing form: 
Tf2 Es t ^ V \ 1.277 + 0eIi2^ tfer = <Jy = 1 2 ( 1 _ ^ 2 ) ^ V 0 ^ 
The va lues of "k" used are t h e s e given by Ble ich ( £ ) . 
(3) 
The notation of this equation and subsequent equations has been 
modified to correspond with that of this study. 
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In the case of the web plates, Timoshenko (k) gives the following 
equation for the case of the unloaded edges simply supported] 
0%r = 
TT2 E 't \2 
w \ 
12(1 - ^ 2 ) 
A + A L i d (U) 
The formula is here modified by introducing the factor oc and using Est 
The resulting formula is as follows: 
rr = r~ _ TT ^ t 
c r " °> " 12(1 - A)2) 
' t \ 2 w\ 
L<*£ 
d + ocj> 
- i 2 
(5) 
In the case of full fixity of the unloaded edges, the right side of Equa-
tion (5) is multiplied by the ratio of the "k" factors as -was done pre-
viously* Equation (5>) then becomes; 
( W = (hr = 
Tfc Est 




°Cfl. + d 
(6) 
; ° r " U y " l 2 ( l - 0>2) 
In each case the cr i t ical strain is determined by using Equation (2). The 
above equations were used to determine the cr i t ical strains of the flange 
overhang and web plates of the specimens in tests C-l and C-2. Results 
of these calculations are given in Table 7. 
The following equations have been derived at Lehigh University (2) 
for the purpose of defining the s tabi l i ty of plates in the strain harden-
ing range. The equations are based on a uniform load applied to two 
opposite edges of the plate* The loaded edges are simply supported in 
al l cases. The following are the equations given for various conditions 
of restraint of the unloaded edges: 
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One unloaded edge free and the other simply supported: 
v 2 (C=hr G ' c r s t (8) 
One unloaded edge f r e e and the o the r f ixed 
0"or = iT 
'7.275 VEst Ety - 0„$06(y Es t + ^ Ety) 
1 2 ( 1 - 1 ^ ) 
+ 1*371 G s t 
Both unloaded edges s imply supported? 
FCT ~ 12 
TT2 / t TT / w 
2 r- V E s t E t y + 'V Est +^1 Ety 
— % —£ h G , 




Both unloaded edges f i xed : 
u c r " 12 V d, 
U.9U3 G 
U.^^U VEst Ety 1 „ 2 3 7 ( A ; Es t + V Ety) 
, Z £ 
' - \ *7 
s t 
(11) 
The above equat ions may be so lved for t he r a t i o of width t o t h i c k -
ness which w i l l permi t the p l a t e to reach the onset of s t r a i n hardening„ 
This i s done by s u b s t i t u t i n g the va lues of the p h y s i c a l p r o p e r t i e s which 
correspond to the s t r a i n hardening range i n t o t h e above e q u a t i o n s . The 
y i e l d s t r e s s of the m a t e r i a l i s s u b s t i t u t e d fo r the c r i t i c a l s t r e s s e The 
r e s u l t s of such c a l c u l a t i o n s fo r the m a t e r i a l of t h i s s tudy are g iven i n 
Table 8 , The v a l u e of G . used i n t he se c a l c u l a t i o n s i s the average of 
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that for A-7 steel reduced in proportion to the ratio of the average strain 
hardening moduli of A-7 steel and the material of this study. Ratios given 
by the tentative specifications are based on simply supported edges. In-
spection of Table 8 shows that the ratios should have been smaller to in-
sure the attainment of strain hardening for the material used in this 
study, 
No attempt is made to develop an equation which describes the lat-
eral stability of the beams in question* The development of such an equa-
tion is beyond the scope of this stucty"* 
Some idea of the lateral stability characteristics of the box sec-
tion used in the tests may be obtained by substituting into the following 
equation given by Timoshenko (6): 
- A/EI m 
Mor - U V 7Y (7) 
L 
This equation describes the elastic stability of a narrow rectangular 
strip subject to equal and opposite end moments« The ends are assumed to 
be simply supported and restrained against twist and movement in the 
horizontal direction. Using the proper values for the box section in 
question and taking Mcr as the moment corresponding to initial flange 
yield a solution for the critical length gives 83.2 feet. This is a 
conservative estimate since the proper magnification factor to account 
for the increased torsional resistance due to bending of the flanges and 
webs has not been applied to Equation (7)« 
Any attempt to develop an equation describing the lateral stability 
of the beam in the plastic range must account for different values of E 
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within the section at successive amounts of ro ta t ion in the p l a s t i c 
range. The large deflect ion in the plane of loading must also be taken 
in to consideration, 
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CHAPTER V 
DISCUSSION AND CONCLUSIONS 
The required rotation capacity of a plastic hinge varies with the 
location of the hinge and the dimensions of the structure* To cover all 
possibilities, it is commonly assumed that the rotation capacity should 
be such that the hinge reaches strain hardening. This requirement is 
unnecessary, since the rotation capacity for any given hinge may be 
calculated. The criteria for adequate rotation capacity given in the 
Introduction is arbitrary and assumes that there is good agreement be-
tween the theoretical moment-rotation curve and the actual curve in the 
elastic rangee Prediction of the collapse load Is based on hinge rota-
tion at its plastic moment value, 
In the tests performed, the full plastic moment of the section 
was reached only shortly before failure by local buckling. Such per-
formance would have been unacceptable in a structure where a hinge 
rotation capacity of four was required. There are two reasons for the 
poor performance of the test specimens. The first and most important 
of these is the low strain hardening modulus of the material usedo As 
was mentioned in Chapter I, the ratios of the width to thickness used 
in designing the component parts of the cross section resulted from 
investigations performed on angles and wide flange beams of normal A-7 
structural steel. These ratios are intended to insure the attainment 
of strain hardening of the material prior to local buckling. Inspection 
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of the properties of the material used in the Lehigh tests (2, 3), reveals 
a strain hardening modulus that varies from approximately 5 00 kips per 
square inch to 1100 kips per square inch, A large number of tension tests 
performed on A-7 steel at the same institution give an average value for 
the strain hardening modulus of 900 kips per square inch (l). In no case 
was the strain hardening modulus as low as that for the material used in 
this study „ For A-7 steel an average value of the ratio of the ultimate 
stress to the yield stress is 1*9» The average value for the ratio of 
the ultimate stress to the yield stress was 1»3 for the material used in 
making the test specimens. By examining Equation (l) of Chapter IV, it 
may be seen that the strain hardening modulus is one of the dominant 
factors in determining stability in the plastic range* The second reason 
for the poor performance of the specimens of these tests is the effect 
of welding, In reality, this effect would have been of minor consequence 
had the local buckling not occurred« The premature yielding which took 
place in the elastic range retarded the development of the full plastic 
moment thus decreasing the amount of rotation which took place at the 
plastic moment value prior to local buckling, 
The material obtained for these tests was not representative of 
a normal A-7 structural steel» Evidence of this fact is the very low 
carbon content revealed by the chemical analysis. The average values 
of lower yield stress and ultimate stress were hO kips per square inch 
and 5>0 kips per square inch respectively. The probability of obtaining 
A-7 steel with a strain hardening modulus as low as that found in the 
material used in these tests is remote, 
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In considering the effect of welding in the case of built up 
sections, it should be borne in mind that the tests of this study were 
at model scale. In practice, heavier plates would be used and the size 
of the welds with respect to the plate dimensions would be such that the 
effects of residual strains in the areas of welding would be negligible, 
In comparing the compression test results to the theoretical calcu-
lations it should be noted that local buckling was detected by visual ob-
servation only. It is possible that the inception of local buckling 
occurred at a unit strain lower than that given by the test results* 
The only definite conclusions that may be drawn from the tests of 
this investigation is that local buckling in the plastic range is inti-




1. In choosing material to be used in plastic design, proper 
attention should be given the ratio of the ultimate stress to yield 
stress* Since the elongation at ultimate load is approximately the 
same for all mild structural steel, this ratio will give an indication 
of a low strain hardening modulus* For A-7 structural steel this ratio 
is approximately 1,9. 
2. A series of tests similar to those of this thesis should be 
performed to establish the critical length of slender box beams. Ma-
terial whose properties are consistent with those of A-7 steel should 
be used. It is suggested that the initial test of this series be 
performed on a specimen of the same length as that used in test B-U of 
this study, 
3. After the critical length for the slender box section is 
established, tests should be performed on box sections having a smaller 
depth to width ratio to establish a rule for the critical length of box 
sections. Design rules for bracing requirements in areas of plastic 
hinge could then be developed from the test results* 
Lu The behavior of the knees of rigid frames made of box sec-
tions should be investigated, 
5» In any case in practice where it is necessary to resort to a 
built up section, the possibility of using a box section should not be 
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overlooked. The reduction in the amount of bracing required due t o the 
good l a t e r a l s t a b i l i t y charac ter i s t ics of the box section resu l t s in 
economy and improves the aes the t ic value of the s t r u c t u r e . 
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APPENDIX A 
DETERMINATION OF MOST ECONOMICAL BOX SECTXON 
DETERMINATION OF MOST ECONOMICAL BOX SECTION 
The general cross section is as shown in Fig, 28. 
The tentative specifications (l, 2) give the follow 
the component parts of the cross section: 
a g 8 





This study is based on the following ratios 
^ = 3^ 
= 50 
Yi 
C = £Ot 
The general expression for the plastic moment iss 
AI 
M - fly 
P t ~ + (d + t J ct_ W c. I f 
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Substituting Equations (c) and (d) into Equation (e) and simplifying the 
following equation results: 
Mp = 50 0- 2^l+ *v*+i (f) 
The general expression for the total area of the section is as 
follows : 
A = 100 
2 ? 
f w (g) 
In Fig. 2 Equations (f) and (g) are plotted as contours. The 
abscissa and ordinate scales are given in standard plate sizes. Several 
d/b ratios are also plotted in Fig. 2. The plot is used by following the 
curve for the plastic moment desired and choosing the plate sizes that 
correspond to the minimum area for the desired plastic moment. It should 
be noted that the curves for plastic moment and area are relatively in-
sensitive to changes in d/b for sections with a d/b ratio of greater than 
2. This indicates that no appreciable economy results by using a slender 
section. 
The tests were to be at model scale. The smallest plate size 
considered convenient for fabrication was 1/8 inch. On this basis the 
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Fige lie Schematic Drawing of Instrumentation UJ KjJ 
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Fig0 5. Details of Level Indicator and Twist Bars 
Fig. 6. Typical Centerline Instrumentation for Beam Tests 
Fig. 7. Local Buckling of Specimen for Test B-3 
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Fig. 9. Local Buckling of Specimen for Test B-k 
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Theoretical Idealized M-^ Curve 
Theoretical Initial Flange Yield 
12 16 20 2k 28 32 36 1*0 
^ in 10'^radians per inch 
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<fi in 10 radians per inch 
Fig„ 13„ Moment-Rotation Curve for Test B-2 
-p-o 
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Theoretical Initial Flange Yield 
12 
Fig, 
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Fig. 2hm- Vertical Genterline Deflection for Test B-2 
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Table 1. Instrumentation Dimensions 
Test 
Number L m n p r s v x z 
B-l 31.5 - - - - - - - - - - - - 7.13 10.50 
B-2 93.S 19.5 21.3 21.5 19.5 Ul.O h l .o 7.53 10.56 
B-3 118.5 2U.0 28.5 27.5 2U.1 53.5 53.5 7.38 10.63 
B-h 187.5 U2.2 U3.5 U5.8 U2.5 88.0 88.0 7.50 10e63 
Note: All dimensions are i n inches . 
The above dimensions refer to Fig# )±m 
$9 
Table 2 • Summary of Beam Test Results 
Observed Theoretical 
ii Mp i n Mp i n 
Number in inches xlO rad/in 'Js^. kip-inches kip-inches 
Test L \ 
B-l 31.5 33.0 8.13 215 207.3 
B-2 936 22.0 5.U2 212 207.3 
B-3 118.5 22,0 5.U2 210 207.3 
B-U 187.5 16.2 U-oo 212 207.3 






r ^ f (Flange 
Dial 
Readings) 























Note: All the above figures are x ICHin/in except -where noted. 
Table U. Results of Coupon Tension Tests 
Sheet Coupon CTyu CTy ^ i i l t 
Number Number in ksi in ksi i n ksi 
1 15 ii0.9 38.2 U9.7 
2 1 31.6 30.0 bk.O 
2 3 36.8 3U.6 1*8.2 
2 5 39.7 36.6 U9.7 
2 7 1*0.2 38.U 50 .6 
2 15 Ul.O 38.2 50 .5 
2 23 h i .5 38.0 1*9.7 
2 25 UO.2 38.0 51 .0 
2 27 39.2 37.0 1*9.1* 
2 29 37.6 35.5 h9.3 
2 31 3U.3 32.6 1*6.0 
U 15 1+1.5 38.14 50 .0 
Note: The above coupons mere tested with an 01sen 
xl0^in/in xlCKin/in xlO 3ksi in ksi 
1.65 26 .1 26.0 213 
1.65 17.0 2U.2 206 
1.65 21.2 31.3 211 
1.55 25.5 28 .1 211 
— i 26.0 21*.8 211 
1.50 25.9 28.0 210 
1.65 25.3 31.3 206 
1.65 25 .1 28 .1 206 
1.65 25 .1 27.5 203 
1.50 23.6 30.0 205 
1.1*0 21.5 28.0 205 
1.65 31 .8 28.6 — 
"Super Lw Hydraulic Universal Testing Machine. 
Table £. Results of Coupon Tension Tests 
Sheet Coupon <T^u Qy Oult ^7 ^ s t E Est 
Number Number in ksi in ksi in ksi xlCrin/in xlCrin/in xlO ksi in ksi 
1 17 hP.6 UO.O U9.3 1.U0 20.0 31.3 222 
2 13 — 39J+ U8.5 1.2$ 22.0 29 .U 286 
Note: The above coupons were tested -with an Olsen Electomatic Scre-w Powered Universal Testing 
Machine• 






S i l i c o n 0.000 
Copper 0.000 
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Table 7. Results of Theoretical Calculations for Compression Tests 
















C-l 2.16 2.83 2.36 2.63 
C-2 — — 2.98 3.39 
Note: All the above figures are xlCr in/in. 
Table 8. Results of Theoretical Calculations of Width to 



















(1) Beedle, Lynn S . , Bruno Thurlimann, and Robert L. Ketter, P las t i c 
Design in Structural S t ee l , Lecture Notes, Lehigh University and 
American I n s t i t u t e of S tee l Construction, Bethlehem, Pennsylvania, 
Sept . 1955, Section 10. 
(2) Thurlimann, Bruno and G. Haaijer, Local Buckling of Wide-Flange 
Shapes3 Unpublished Progress Report, Welded Continuous Frames 
and Their Components, Lehi^i University, December, 195U-
(3) Thurlimann, Bruno and G. Haaijer, Buckling of Steel Angles in the 
P las t i c Range, Unpublished Progress Report, Welded Continuous 
Frames and Their Components, Lehigh University, August 15, 1953* 
(h) Timoshenko, S . , Theory of Elas t ic S t a b i l i t y , McGraw-Hill Book Co., 
I n c . , New York, New York, 1936, pp. 327-3U2. 
(5) Bleich, F . , Buckling Strength of Metal Structures , McGraw-Hill Book 
Co., I n c . , New York, New York, 1952, p . 330. 
(6) Timoshenko, op_. c i t . , pp . 239-2^2. 
66 
OTHER REFERENCES 
(l) Steel Construction Manual, Fifth edition, New York, New Yorks -Ameri-
can Institute of Steel Construction, 1955* 
